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Abstract 
 
A single-layer graphene has been uniformly grown on a Cu surface at elevated temperatures by 
thermally processing a poly(methyl methacrylate) (PMMA) film in a rapid thermal annealing (RTA) 
system under vacuum. The detailed chemistry of the transition from solid-state carbon to graphene on 
the catalytic Cu surface was investigated by performing in-situ residual gas analysis while 
PMMA/Cu-foil samples being heated, in conjunction with interrupted growth studies to reconstruct 
ex-situ the heating process. The data clearly show that the formation of graphene occurs with 
hydrocarbon molecules vaporized from PMMA, such as methane and/or methyl radicals, as 
precursors rather than by the direct graphitization of solid-state carbon. We also found that the 
temperature for vaporizing hydrocarbon molecules from PMMA and the length of time the gaseous 
hydrocarbon atmosphere is maintained, which are dependent on both the heating temperature profile 
and the amount of a solid carbon feedstock are the dominant factors to determine the crystalline 
quality of the resulting graphene film. Under optimal growth conditions, the PMMA-derived graphene 
was found to have a carrier (hole) mobility as high as ~2,700 cm
2
V
-1
s
-1
 at room temperature, superior 
to common graphene converted from solid carbon. 
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Chapter 1. Introduction. 
 
Graphene, atomically thin two dimensional (2D) sheet of hexagonally arranged carbon atoms, has 
emerged as promising material for various applications due to its intriguing thermal, optical, 
mechanical, and electrical properties.
 1-8
 To realize the properties and applications of graphene, several 
ways to produce the material have been reported to date, such as mechanical and chemical exfoliation 
from graphite,
1,8
 the epitaxial growth of graphene from SiC substrates,
9-11
 the chemical vapor 
deposition (CVD) growth on transition metals using hydrocarbon gases
12-15 
and through the diffusion-
assisted synthesis (DAS) method.
16
 In particular, chemical vapor deposition (CVD) using hydrocarbon 
gases on transition metals has been demonstrated as an attractive method to synthesize large-area and 
high-quality graphene layers for industrial applications. However, special care should be taken to 
precisely control the critical factor for the synthesis of graphene films in the typical CVD method due 
to its sensitivity to various process parameters. Unlike complicated conditions in CVD, A lot of simple 
approaches to grow graphene films have been demonstrated on Cu and Ni using solid-state carbon 
sources such as amorphous carbon, polymer, silicon carbide, and highly ordered pyrolytic graphite
 
suggesting that transition metal substrates enable graphene growth from a variety of carbon-
containing sources. 
17-21
 
Using Ni substrates, several groups have already demonstrated that the carbon atoms dissociated 
from solid-state carbon source can be dissolved or diffused into Ni at an elevated temperature, and 
then segregated at its surface upon cooling.
17,19,21
 However, the growth of graphene on Cu using solid-
carbon sources is still open to question. Several contradictory results were reported according to 
differences in growth conditions and types of solid-state carbon sources when Cu substrates were used 
for converting solid carbon feedstocks into graphene. For example, Sun et al.
20
 reported that they had 
obtained large-area graphene films from pyrolysis of polymers/Cu in Ar/H2 ambient, while Byun et 
al.
22
 reported that graphene films were not grown on the surface of transition metals with the same 
structure because of severe vaporization of polymer films. Recently, Ji et al. showed that the growth 
of graphene using an amorphous carbon took place on a Cu substrate only in the presence of H2 
gases.
16
 Therefore, it is imperative to study the detailed growth mechanisms of graphene and the key 
parameters for obtaining high-quality graphene converted from solid carbon feedstocks on a Cu 
surface. 
Here we report the simple method to grow the monolayer graphene films on a Cu foil using PMMA 
as a solid carbon feedstock without introduction of H2 gas in a rapid thermal annealing (RTA) system 
and detailed story of growth mechanism during annealing process using in-situ residual gas analysis 
while annealing the PMMA/Cu-foil samples. And we suggest the key parameters for obtaining high 
quality graphene films using solid carbon sources. 
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Chapter 2 Experimental Methods and Equipments 
 
2. 1. Materials and Methods 
 
2. 1. 1. Treatment of copper foils 
 
In our experiments, we used 50um-thick piece of copper foil (Goodfellow, item No. CU000468, cut 
to 1 cm _ 1 cm) as substrate for the synthesis of graphene. To remove organic impurities and copper 
oxide layer on copper foil surface, copper foil was soaked in acetone and acetic acid for 10minutes, 
respectively. And then, copper foil was annealed in Ultra-High Vacuum (UHV) chamber under 
hydrogen atmosphere to obtain absolutely clean surface. . 
 
2.1.2. Solid carbon sources 
 
We used a poly(methyl methacrylate) (PMMA) as a solid carbon source. The PMMA solutions were 
made by dissolving PMMA in toluene with 1%, 4%, 10%, and 20% of polymer by weight. Each 
PMMA solution was deposited on a Cu foil by spin coating at 5000 rpm for 1 min. The PMMA-
coated samples of Cu foil were cured on a hot plate at 180
 
°C for 1 min and loaded into a RTA 
chamber. 
 
2.1.3. RTA process 
 
A standard 4-inch quartz tube in the RTA system was evacuated to ~3 mTorr and heated to 800-
1000
 
°C for 3 min in vacuum. We note that the typical rising time to 1000 °C was ~30 sec. Because of 
this advantage of RTA, graphene can be grown in very short time. RTA is connected with N2 Mass 
Flow Controller(MFC). We can control flow rate of N2 gas as needed. 
 
2.1.4. Graphene transfer 
 
Following graphene growth, PMMA was spin coated onto the surface of the graphene/Cu foil to 
transfer onto a SiO2 surface for further investigations. The sample was then floated onto 1M of FeCl3 
aqueous solution to etch the Cu foil at room temperature. The remaining PMMA-supported graphene 
was then transferred to a deionized water to remove residual etchant. The 300 nm SiO2/Si substrate 
was dipped into the deionized water to lift the PMMA/graphene. The sample was then dried at 85
 
°C 
using a hot plate. The PMMA was then dissolved in an acetone and the graphene on the substrate was 
dried with a stream of N2 gas. 
３ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure2-1. Schematic illustration of the UHV system used in this work. The system is composed of a 
load-lock chamber and a main chamber and is connected with Residual Gas analyzer equipped with 
Quadrupole Mass Spectrometer 
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Figure 2-2. Schematic drawing of the mechanism of graphene formation. The diagrams represent the 
elementary steps in graphene formation, including deposition of PMMA on Cu foil, RTA annealing in 
vacuum and formation of graphene respectively. 
５ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3. Schematic illustration of RTA system for graphene synthesis  
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2. 2. Analysis tools 
 
2. 2. 1. Raman Spectroscopy 
 
Raman spectroscopy is a fast and nondestructive method for the characterization of carbon. In our 
experiment the Raman spectra were carried out with WiTec alpha 300R M-Raman system with 532 
nm (2.23 eV) excitation. The laser spot size, when focused, was ~ 600 nm in diameter with a 50 
optical lens. During the measurements, in order to prevent specimen deformation or damage from 
laser-induced heating, we always maintain the laser power of 0.3 mW.  
 
2. 2. 2. Residual Gas Analyzer (RGA) 
 
In order to investigate the basic nature of gaseous products, we used the residual gas analyzer (RGA) 
equipped with a quadrupole mass spectrometer (QMS 200F1, Pfeiffer Vacuum) to monitor changes to 
the atmosphere in the chamber during annealing in-situ. RGA is connected with ultra-high vacuum 
(UHV) system (a base pressure of ~1  10-9 Torr). 
 
2. 2. 3. Transmission Line Model (TLM) Measurement 
 
The sheet resistance of graphene layers was measured using transmission line model (TLM) 
measurement, which is the way to measure the contact resistance and the sheet resistance of the 
graphene layer precisely. As-synthesized graphene layers were patterned to a size of 150 um  150um 
with a Cr (10 nm)/Au (60 nm) as ohmic contacts using normal photolithography process (MA 6, 
SUSS MicroTec). The distances between each 100 um  200 um contacts on TLM structure were 50, 
100, 150, and 300 um. After the total resistance of the TLM structure was measured as a function of 
distance, we extracted a sheet resistance value of graphene from the slope. 
 
2. 2. 4. Atomic Force Microscopy (AFM)  
 
The morphology and thickness of synthesized graphene films and were measured using tapping 
mode AFM in air with a Veeco Instruments Multimode V scanning probe microscope with Si tips. The 
AFM images were linearly planarized to remove sample tilt effects during the measurements by using 
V7 2.0 imaging program copyrighted by Nanoscope. 
 
７ 
 
 
2. 2. 5. Transmission Electron Microscopy (TEM) 
 
We used a wet-transfer TEM sampling method for plan-view imaging of graphene films to minimize 
damage and/or contamination of the films. As a first step to transfer the graphene films, Au Quantifoil 
TEM grids were placed onto the graphene films on SiO2/Si substrates. To ensure efficient contact at 
Quantifoil-graphene/substrate couples, isopropyl alcohol (IPA) dropped on top of the grids and the 
couples were heated on a hot plate at 120 °C for 10-20 min to evaporate any remaining IPA. Then, the 
couples were dipped into a Buffered Oxide Etchant (BOE) solution to slightly etch the SiO2 layer until 
the couples floated free off of the substrate. Finally, the Quantifoil-graphene couples were rinsed with 
DI water and IPA, in sequence and air dried. 
DF-TEM imaging was performed at 200 keV on a JEOL JEM-2100F TEM. The objective aperture 
was placed over one of the diffracted beams, and the DF image was acquired using an acquisition time 
of 2-5 sec. A Gatan Multiscan CCD camera was used for the image acquisition with a pixel size of 
1024  1024. 
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Chapter 3 Results and Discussions 
 
3. 1. Structural properties of graphene on SiO2-Si substrates  
 
After treatment of copper foil, a 10wt% PMMA solution made by dissolving PMMA in toluene was 
spun onto a 50um thick Cu foil by spin coating, as explained in 2. 1. Materials and Methods section. 
And then, PMMA/Cu-foil sample was loaded in RTA system. The graphene layer was synthesized on 
the copper surface under vacuum(~10
-3
 Torr) at temperatures ranging from 800 °C to 1,000 °C for 3 
min with a heating rate of 33.3 °C/s . The graphene layers were transferred onto a SiO2/Si substrate to 
measure structure properties and realize electric devices for simple application. Figure 3-1 shows the 
typical results of Raman spectra and structural properties. In our experiments, the Raman spectra 
show three primary features: a D band at ~1,350 cm
-1
, a G band at ~1,590 cm
-1
, and a 2D band at 
2,690 cm
-1
, all of which are expected peak positions for graphene.
23-25
 The red curve in Figure 3-1 (a) 
represents the typical features of single layer ; (i) the ratio (IG/I2D) of G-to-2D peak intensities ~0.5 
and (ii) the FWHM value of ~30 cm
-1
 for the 2D band, and (iii) ID/IG <0.1 with relatively low defect 
density. The black curve in Figure 3-1 (a) shows a broad and high-intensity D band, which suggests 
the formation of graphitic layers. From the change of Raman spectra depending on the temperature, 
we can conclude that the formation of graphene on a Cu surface is thermally activated. The uniformity 
and the coverage of the PMMA-derived graphene films grown at 1000 °C was check by using Raman 
mapping of the IG/I2D over 80   80 μm
2
 area(Figure 3-1b). Most of the area has uniform thickness 
more than 90% and is found to be monolayer. Atomic force microscopy was used to characterize the 
surface profile of the PMMA-derived graphene on SiO2/Si substrate. ( Figure 3-2 ) From AFM data, 
the thickness of this graphene is about 0.8nm, which confirms the monolayer nature of the material.
 
20,23 
For further evaluating the crystallinity of graphene obtained at 1000 °C, graphene was further 
characterized by plan-view transmission electron microscopy (TEM) and the well-defined diffraction 
spots in the selected-area electron diffraction patterns confirmed the crystalline structure of the 
graphene with a 6-fold symmetry (Figure 3-3). 
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(a)                         (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1. (a) Typical Raman spectra of graphene films transferred onto SiO2/Si after the RTA 
process at temperatures in the range of 800-1000 °C for 3 min under vacuum. (b) Raman map image 
of the G/2D bands of graphene grown at temperature T = 1000 °C for 3 min then transferred onto 
SiO2/Si (scale bar, 40 μm). 
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Figure 3-2. Representative AFM image (left) and height profile (right) of graphene film grown at 
1000 °C for 3 min then transferred to SiO2/Si substrate. Step height is ~ 0.8 nm, indicating the 
thickness of graphene layer. Scale bar in AFM is 500 nm. 
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Figure 3-3. Representative low-magnification plan-view TEM image of graphene film grown at 
1000 °C for 3 min then transferred to TEM support hole. Inset is a selected area diffraction pattern 
obtained from a dotted circle region. 
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3.2. Electrical properties of graphene on SiO2-Si substrates  
 
We evaluated electrical properties of graphene layers obtained at 1,000 °C with back-gated 
graphene-based field-effect transistor (FET) devices using highly doped p
++
 Si substrate with a 300 
nm thick SiO2 layer. In our FET devices, the graphene channel width is 2 um and the channel length is 
5 um. Typical room temperature IDS (drain-source current) – VG (gate voltage) curves according to VDS 
(drain-source voltage) from 100 mV to 180 mV for the FET devices are shown in Figure 3-4a. This 
curve shows an ambipolar characteristics with positive charge neutrality point of ~17 V caused by the 
adsorption of oxygen or water molecules in air and residual PMMA on graphene surfaces. From IDS – 
VG curves, we estimated hole carrier (hole) mobility of this device in ambient conditions at room 
temperature by using below equations 
 
                                                                          (3.4) 
   
 
  
         
 
 
     
     
  
                                                  (3.5) 
    
 
     
  
 
 
           
 
 
  
    
    
                                              (3.6) 
    
  
       
  
    
   
                                                            (3.7) 
 
where, t is the thickness of SiO2 film (3  10
-7
 m); L is the channel length (5  10-6 m); w is the 
channel width (2  10-6 m); ε0 (8.854  10
-12
 F/m) and ε (3.9 F/m) are the permittivity of free space 
and SiO2, respectively; and  Ids/ VG is the slop in IDS – VG curves. Using this equation, the calculated 
carrier (hole) mobility is ~2700 cm
2
 V 
− 1
 s 
− 1
 at room temperature, which is superior to the previously 
reported mobility values of graphene FETs using solid carbon sources (Figure 3-4b).  
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(a)                          (b) 
 
 
 
 
 
 
 
 
 
Figure 3-4. (a) Typical room temperature IDS-VG curves at VDS = 0.1 V, 0.14 V, and 0.18 V from a 
graphene-based back-gated FET device. IDS, drain-source current; VDS, drain-source voltage; VG, gate 
voltage. (b) Comparison of hole mobility taken in this work with other references according to the 
ratio of channel length (L) to width (W) in solid-carbon-derived graphene-based back-gated FET 
devices.  
１４ 
 
  
Sheet resistance of graphene layers grown at 1000 °C was measured using transmission line(TLM) 
method. The graphene channel width (w) is 150 um and the distance (L) between the contacts on the 
TLM structure are 50, 100, 150, and 300 um, respectively (see inset in Figure 3-10a). Based on the 
measuring the two-probe resistance with different contact region, we can measure the sheet resistance 
using following equation.  
 
                                                                          (3.1) 
         
    
 
                                                              (3.2) 
 
Where, RC is the contact resistance of one metal/graphene interface ; RG is the contribution of bulk 
graphene to the resistance ; Rsh is the sheet resistance of graphene films , w is width of graphene 
channel ; L is length of graphene channel.  
We plot the total resistance as a function of channel length as shown in figure 3-5. From the slope we 
finally extract sheet resistance value of 1,000 Ω per square, which makes the as-synthesized graphene 
promising material for transparent electrodes. 
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Figure 3-5. Sheet resistance measurement using TLM method. The plot shows total resistance of the 
TLM structure as a function of distance. The distance between the contacts on the TLM structure are 
60, 100, 150, and 300 μm, respectively. The inset shows an optical microscopy image of patterned 
graphene layer on SiO2 with Au (60nm)/ Cr (10nm). The scale bar in the inset is 200 μm. 
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3. 3. Growth mechanism of graphene 
 
As a first step, we investigated the effect of total pressure on graphene formation using N2 gas. With 
an increasing flow rate of N2 gas at 1,000 °C, Raman spectra show the gradual increase of the D band 
and we did not obtained any graphitic layers above the total pressure of ~1 Torr (Figure 3-6). Now, 
Some careful consideration needs to be taken on how high-quality grapehene can be formed on Cu 
foil using solid-state carbon sources. Because direct graphitization of solid carbon sources is not a 
feasible mechanism from our experiment and Cu does not bring about graphitization of solid-state 
carbon at temperatures of up to 950 °C.
26,27
 So we assumed that gaseous feedstocks erupted from 
thermal decomposition of PMMA can play an important role in graphitization on a catalytic Cu 
surface.
28 
From our assumption, we implemented following experiment, similar methodology as that 
introduced by Ji et al.
16
 under vacuum, as shown in Figure 3-7a. Three pieces of Cu foil were placed 
in the hot-zone area with similar temperature profiles, which are accurate to within 10 °C at 1,000 °C.  
The PMMA was only deposited on the piece of Cu foil in the middle and both left and right side piece 
of Cu foil were bare. Each piece of copper foil was separated at intervals of 1cm to prevent PMMA 
from diffusing into adjacent Cu foils. After heating at 1000 °C for 3 min under vacuum, the Raman 
spectra shown in Figure 3-7b revealed monolayer graphene was formed on both left and right side Cu 
foils. Because of existence of physical gap between Cu foils, it is expected that gaseous precursors, 
such as CxHy, CxOy, and Hx, are produced from thermal decomposition of PMMA at the elevated 
temperature and then those gaseous precursors are converted into the graphene layers on Cu surfaces. 
From our raman mapping data (Figure 3-7c), it was observed that uniformity of graphene layes is 
different depending on the sample position, possibly originating from a nonequilibrium steady state in 
the gas phase along the RTA tube.
 29
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Figure 3-6. Typical Raman spectra of resulting layers on Cu foils after heating the 10 wt. % 
PMMA/Cu foil at 1000 °C for 3 min under a different total pressure in a process chamber. In case of 
the vacuum, the total pressure in a process chamber was ~ 110-3 Torr. With increasing the total 
pressure, intensity of the D band increases, suggesting that the amount of efficient carbon sources may 
not be enough. If the total pressure was larger than 1 Torr, the Raman spectrum (black line) do not 
exhibit any carbon-related characteristics over a range of 1000-3000 cm
-1
, indicating that no graphitic 
layers were produced. 
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Figure 3-7. (a) Schematic drawing of our experimental set-up to investigate the growth mechanism of 
graphene using a solid-state carbon source. (b-c) Representative Raman spectra and Raman map 
images of the D/G bands of graphene films grown on the left, middle, and right side Cu foils then 
transferred onto a SiO2/Si substrate, respectively. Scale bars in (c) are 6 μm. 
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From previous experimental data we convinced that gaseous precursors are generated from 
thermal decomposition of PMMA. In order to investigate the basic nature of gaseous products, such as 
what kinds of gaseous products and when the gaseous products are generated, we used the residual 
gas analyzer (RGA) equipped with a quadrupole mass spectrometer (QMS 200F1, Pfeiffer Vacuum) to 
monitor changes to the atmosphere in the chamber during annealing of the PMMA/Cu foil in-situ. Our 
in-situ QMS measurements were performed in an ultra-high vacuum (UHV) system (a base pressure 
of ~1  10-9 Torr). We can freely change the heating rate with a halogen lamp heating system. In our 
measurements, we used two types of heating rate to reach the 1000°C that are called fast heating and 
slow heating from now on. The fast and slow heating processes reached at 1,000 °C in ~3 min and 
~10 min, respectively, as shown in Figure 3-8. Using the fast heating rate, we analyzed the partial 
pressure of gas spices from a sample with 10 wt. % of PMMA spin-coated on a Cu foil. This sample 
generated a number of gaseous species, such as hydrogen, hydrocarbons, carbon oxides, and water at 
a temperature of around 970 °C, as shown in Figure 3-9. But the bare Cu foil did not evolve any 
gaseous species during the heating procedure, as expected (Figure 3-10) Therefore, we confirmed that 
gaseous species are generated from thermal decomposition of PMMA. And we found out main 
gaseous product has a mass/charge (m/e) ratio of 15, that is, CH3
+
, the fraction of which is over 80%. 
From this analysis, we suggest that methane and/or methyl radicals are the main precursor for the 
formation of graphene converted from PMMA on a Cu foil. We also attempted same RGA analysis 
using a piece of Cu foil deposited with a 20nm-thcik amorphous carbon (a-C) film ( Figure 3-11). a-C 
films were deposited by e-beam evaporator at room temperature with a base pressure of ~10
-6
 Torr. In 
contrast with PMMA, the main species were CO or C2H4. (m/e = 28) And the amount of gas species 
was four orders of magnitude smaller than that from the PMMA. As a result, there was no indication 
of graphitic layer in the Raman spectra.   
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Figure 3-8. Temperature profiles as a function of time during heating. (a) At the fast heating 
temperature profile, heating started at 1 min and temperature was reached around 1000 °C at 4 min. (b) 
At the slow heating temperature profile, heating started at 1 min and temperature was reached around 
1000 °C at 11 min. 
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Figure 3-9. (a) In-situ quadrupole mass spectrum while ramping temperature from 25 °C to 1000 °C 
under vacuum (~ 10
-9
 Torr), with a 10 wt.% of PMMA-coated Cu foil. In the inset, the vertical axis 
represents the logarithm of partial pressure 
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Figure 3-10. In-situ quadrupole mass spectra while ramping temperature from 25 °C to 1000 °C in 
vacuum (~ 10
-9
 Torr), with a bare Cu foil. The horizontal axis represents atomic mass unit and the 
vertical axis is the logarithm of ion current. 
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Figure 3-11. (a-c) In-situ quadrupole mass spectrum while ramping temperature from 25 °C to 
1000 °C in vacuum (~ 10
-9
 Torr), with a 20 nm-thick amorphous carbon (a-C) film deposited on a 
piece of Cu foil. X-axis represents atomic mass unit and Y-axis is the logarithm of ion current. (d-e) 
Representative optical microscopy image and Raman spectrum of a 20 nm thick amorphous carbon-
coated Cu foil after annealing at 1000 °C for 3 min under vacuum by using RTA then transferred into 
the SiO2 substrate. 
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 We chased the change to the partial pressure of the mass/charge (m/e) of 15 (CH3
+
), as time evolves. 
There is a specific time when the CH3
+
 gases are detected, as shown in figure ( Figure 3-12a ). This 
means that CH3
+
 gases exist in chamber during only limited time which is related with the temperature. 
And, depending on the heating rate, change to the profile of CH3
+
 partial pressure is observed.(Figure 
3-12b ) When we performed fast heating process, CH3
+
 gases are first detected at 80~100 sec (T = 
580~650 °C) and again at 160~220 sec (T = 920~980 °C) during the whole heating procedure . As a 
reason for appearance of two stages in the thermal decomposition of PMMA
30
, We interpret that the 
earlier outgassing of CH3
+
 gases is caused by the decomposition of PMMA to produce monomer 
methyl methacrylate (MMA) and the later is originated from the decomposition of monomer MMA to 
generate small gaseous molecules.
 
In case of slow heating, CH3
+
 radicals are detected at temperatures 
ranging from 650 °C to 800 °C. We believe that this phenomenon is due to a linear dependence of 
glass-transition temperature on the logarithm of the heating rate, a functional form of Vogel-Fulcher 
type.
31
 From this result, If we raise the heating rate, carbon-containing gaseous precursors are 
generated at more higher temperature. It means that graphene is formed at more elevated temperatures. 
In figure 3-13, we measured Raman spectra on graphene grown at different heating rate. As heating 
rate increases, the ID/IG and FWHM values of the G band gradually decrease. Thus, heating rate is the 
key parameter for obtating high-quality graphene. 
In addition, we adjusted the thicknesses of PMMA films by changing the concentration of PMMA 
solutions. Samples with a concentration of 1, 4, 10, and 20 wt. % of PMMA solution yielded the 
thicknesses of approximately 23±3, 72±7, 269±20, and 2,843±187 nm PMMA films, respectively, in 
the same spin-coating condition of 5000rpm for 1 min.( figure 3-14 ) As shown in Figure 3-15a~d, the 
detection time when CH3
+
 species are generated is delayed from ~140 sec to ~240 sec, with increasing 
the concentration of PMMA from 1 wt. % to 20 wt. %. And also the duration time when the CH3
+
 
species stay in chamber is much extended from ~10 sec to ~120 sec. In the cases of 1, 4% PMMA , 
the signal of CH3
+
 partial pressure terminates before the temperature reaches ~900 °C but in the case 
of 10, 20 wt. % PMMA the CH3
+
 radicals are evolved above 900 °C. From the value of ID/IG in the 
Raman spectra in Figure 3-15e~h, we observed that the crystalline quality of graphene was greatly 
improved when using a high concentration of of PMMA. This points to the fact that the thickness of 
the PMMA film, that is the amount of a solid carbon feedstock, is also another critical factor for 
determining the crystalline quality of graphene produced by this method. 
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(a)                             (b) 
 
 
 
 
 
 
 
 
 
Figure 3-12. (a) CH3
+
 partial pressure while heating a 10 wt.% of PMMA-coated Cu foil. The red 
curve shows the introduced temperature profile as a function of time. (b) Comparison of CH3
+
 partial 
pressure while heating a 10 wt.% of PMMA-coated Cu foil at the fast ramping profile (red line) and at 
the slow ramping profile (blue line). Note that the vertical axes represent the logarithm of partial 
pressure in (a) and (b). 
 
 
 
  
２６ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-13. (d) Representative Raman spectra of the graphene films grown at 1,000 °C for 3 min 
then transferred onto SiO2 /Si depending on the heating rates, with a 10 wt.% of PMMA-coated Cu 
foil. 
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Figure 3-14. With a different concentration of PMMA in toluene, the thickness of the PMMA film 
deposited on SiO2/Si by spin coating at 5000 rmp for 1 min. The thickness of PMMA films were 
determined by a surface profiler. 
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Figure 3-15. CH3
+
, H2, and H
+
 partial pressure while annealing (a) a 1 wt.% of PMMA-coated Cu foil, 
(b) a 4 wt.% of PMMA-coated Cu foil, (c) a 10 wt.% of PMMA-coated Cu foil and (d) a 20 wt.% of 
PMMA-coated Cu foil at the fast ramping profile. Note that all vertical axes represent the logarithm of 
partial pressure. (e-h) Representative Raman spectra of graphene films transferred onto a SiO2/Si 
substrate after heating the samples of a 1 wt. %, 4 wt. %, 10 wt. %, and 20 wt. % of PMMA-coated 
Cu foils, respectively. 
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In order to tailor the outgassing temperature depending on the thickness of PMMA films, 
interrupted growth studies were carried out using atomic force microscopy (AFM) to reconstruct ex-
situ the heating process for the samples with 1 wt. % and 20 wt. % PMMA (Figure 3-16). Figure 3-17 
shows the changes in step height and surface root-mean-square (RMS) roughness of 1 wt. % and 20 
wt. % PMMA-coated Cu foils at the end of the various heating temperatures. As a reference, a bare 
Cu foil surface was examined by AFM which indicates a step-flow growth morphology with regularly 
spaced atomic steps (Figure 3-17a). After deposition of PMMA on Cu, Surface morphology always 
results in a flattened according to the AFM data. The step height and surface RMS roughness of 
PMMA-coated Cu foils decreased suddenly after PMMA deposition on Cu and stayed fairly constant, 
until heating temperatures reach 750 °C and 900°C at 1 wt. % and 20 wt. % PMMA-coated Cu foils, 
respectively. However, after heating 1 wt. % and 20 wt. % PMMA-coated Cu foils over 800 °C and 
950 °C, respectively, surface morphology underwent a fundamental change with the appearance of a 
step-flow growth morphology (Figure 3-16b~c). This phenomena clearly represent that the outgassing 
temperature of carbon-containing gaseous precursors is strongly influenced by the thickness of the 
PMMA films on Cu. It is interesting to note that the temperature range in which the surface 
morphology shows a fundamental change corresponds to the temperature when the most CH3
+
 gases 
are detected while heating the samples. Given the relatively very low thermal conductivity of PMMA 
(0.19 W/m K at room temperature)32 compared to Cu (398 W/m  K at room temperature),33 the heat 
transfer in PMMA is extremely slow so that the thickness of the PMMA films makes a difference in 
the outgassing temperature.  
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Figure 3-16. (a) An AFM image of a bare Cu foil. AFM images of (b) 1 wt.% and (c) 20 wt.% of 
PMMA-coated Cu foils and those after heating between 800 and 1000 °C (from left to right). All scale 
bars are 3 μm. Root-mean-square (rms) roughness from each scan is labeled. 
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Figure 3-17. Relation between (a) step height, (b) surface RMS roughness from AFM images (10  
 10 μm2) and the heating temperature of 1 wt. % (black circles) and 20 wt. % (red squares) PMMA-
coated Cu foils. The blue and green dotted lines indicate the temperatures when the most CH3
+
 gases 
are detected from in-situ studies while annealing 1 wt.%  and 20 wt.% of PMMA-coated Cu foils, 
respectively. 
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Chapter 4 Conclusion. 
 
In conclusion, we demonstrated a simple and effective method to synthesize monolayer graphene on 
Cu foil by rapid thermal annealing under vacuum using solid carbon source, such as PMMA which is 
cheap, safe and easy to handle. In order to investigate the graphene growth mechanism we introduced 
a residual gas analyzer equipped with a quadrupole mass spectrometer to monitor change to the 
atmosphere in the chamber while annealing the PMMA/Cu foil samples in-situ, in conjunction with 
interrupted growth studies to reconstruct ex-situ the heating process. In this study, our experimental 
results strongly suggest that the precursor which ultimately yielded graphene on a sample of Cu foil is 
gaseous CH3
+
 from thermally decomposed PMMA. We found that the heating rate and the amount of 
solid carbon were key parameters to obtain high-quality graphene using solid carbon feedstock. 
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